INTRODUCTION
Monsoon Asia is one of the most important regions as far as food security is concerned. India consists of a largely agrarian society with nearly 64% of the population dependent on agriculture, although the share of agriculture in the gross domestic product has been declining over the last 50 years. Crop production takes place in almost all climatic types, namely, arid, semiarid, moist, sub-humid and humid. Agriculture will continue to be an important aspect of India's economy in the years to come, as it feeds a large and growing population, employs a large labour force, and provides raw materials to agri-based industries. The climate and weather are dominated by the largest seasonal mode of precipitation in the world, due to the summer monsoon circulation. Over and above this seasonal mode, the precipitation variability has dominant inter-annual and intra-seasonal components, giving rise to extremes in seasonal anomalies that result in large-scale droughts and floods, and also shortperiod precipitation extremes in the form of heavy rainstorms or prolonged breaks on a synoptic scale. Indeed, it is these extremes that have the most visible impact on human activities and, therefore, receive greater attention by all sections of society.
Historical records indicate that extreme excess/ deficit occurs in any form of severity in one or more sub-divisions of India every year. Climate model simulations (Hennessey et al. 1997 ) and empirical evidence confirm that warmer climates, owing to increased water vapour, lead to more intense precipitation events and therefore increase the risk of floods (Solomon et al. 2007) ; similarly, longer breaks within the monsoon season may cause severe drought conditions across the country. The recent extreme rainfall deficit that occurred over Bihar during June and July of 2009 caused a loss of Rs. 1839 crores (US$ 410 million) to the state exchequer (Khan et al. 2009 ). Several empirical studies have shown that there is an increasing trend of extreme precipitation events worldwide (Haylock and Nicholls 2000 , Groisman et al. 2001 , Klein Tank and Können 2003 , Sen Roy and Balling 2004 , Alexander et al. 2006 , Guhathakurta and Rajeevan 2007 , Rajeevan et al. 2008 .
Future projections of climate change using global and regional climate models, run by the Indian Institute of Tropical Meteorology (IITM) with different IPCC emissions scenarios (Nakicenovic et al. 2000) indicate temperature changes of about 3-5
• C and an increase of 5-10% in summer monsoon rainfall (NATCOM 2004) . It is also projected that the number of rainy days may decrease by 20-30%, which would mean that the intensity of rainfall is likely to increase. Extremes in temperature and rainfall also show an increase in their frequency and intensity by the end of 2100. Another study, using daily rainfall data for 50 years, shows a future significant increasing trend in extreme rainfall events over central India (Goswami et al. 2006) .
However, while water resources availability and its variability attract the attention of water managers and agricultural planners, as far as effects on agricultural production are concerned, analysis is more relevant at the sub-divisional level rather than on a regional or all-India basis. A detailed study of subdivisional extreme rainfall deficit and excess during monsoon months is lacking. An investigation of the behaviour of departures of monthly rainfall during the monsoon season from long-period temporal means at sub-divisional level, and of its spatial variability, provides an opportunity to agricultural/hydrological researchers to come up with technological interventions to boost productivity to cope with the population growth. In view of this, the trends in monsoonal rainfall, monthly as well as seasonal, were investigated and compared using the Spearman's Rho and Mann-Kendall trend tests, and the variability and frequency of extreme excess and deficit rainfall for 1871-2008 were analysed. The decadal trends in frequency and the spatial variability of occurrence of extreme excess/deficit rainfall years were also investigated.
DATA/METHODOLOGY
Based on the topography and prevailing climatological conditions over the sub-continent, the India Meteorological Department has divided the country into 36 meteorological sub-divisions (Fig. 1) . Out of these 36 meteorological sub-divisions, six subdivisions (four hill divisions and two island divisions) were not considered, in view of the low areal representativity of a raingauge in hilly/island areas and the generally meagre network of raingauges over these areas, both factors contributing to a rather large error in the areal rainfall average over a hilly/island sub-division or area. The 30 meteorological sub-divisions considered for analysis extend over 2 880 000 km 2 , which is about 90% of the total area of India. The sub-divisional monthly time series of rainfall data were collected from the Indian Institute of Tropical Meteorology (http://www.tropmet.res.in) Fig. 1 The meteorological sub-divisions of India used in the study. Shaded portions are hilly regions (sub-divisions 2, 12, 15 and 16) and were not considered for analysis; similarly, island sub-divisions 1 and 36 were not considered.
for the period 1871-2008. They have considered 306 raingauge stations uniformly distributed over the region in preparing this data series, one from each of the districts (i.e. the smallest administrative area), and the area-weighted mean monthly rainfall of all the meteorological sub-divisions by assigning the district area as the weight for each representative raingauge station. The network of raingauge stations selected under these constraints is shown in Fig. 2 . The data for various periods were collected from different publications and Government sources, and the India Meteorological Department (Mooley et al. 1981) . The homogeneity or stationarity of the monthly data series was tested by the Swed and Eisenhart test and the Mann-Kendall rank test (WMO 1966) , and it was found that, for all sub-divisions, the number of runs lies within the required limits of the 5% significance level (Parthasarathy et al. 1987) . The nature of the frequency distribution has also been tested using the chi-square statistic with 10 equalprobability class-intervals (Cochran 1952) . Mooley and Parthasarathy (1984) , Parthasarathy et al. (1990 Parthasarathy et al. ( , 1992 Parthasarathy et al. ( , 1993 Parthasarathy et al. ( , 1994 Parthasarathy et al. ( , 1995 , Pant and Rupakumar (1997) and Mooley et al. (1981) provide more detailed discussion of the methodology adopted for assessing the quality, completeness and homogeneity of these data sets.
Spearman's Rho (SR) trend test
This is a rank-based non-parametric test (Lehmann 1975 , Dahmen and Hall 1990 , Sneyer 1990 ) that determines whether the correlation between two variables is significant. Several studies have assessed the existence of trends in the hydrological time series data (Gregory and David 1997 , Neelin et al. 2006 , Ogolo and Adeyemi 2009 , Wong et al. 2009 ). In trend analysis, one variable is taken as the time itself (years) and the other as the corresponding time series data. The n time series values (X1, X2, X3, . . ., Xn) are replaced by their relative ranks (R1, R2, R3, . . ., Rn) (starting at 1 for the lowest up to n). The test statistic ρ s is the correlation coefficient, which is obtained in the same way as the usual sample correlation coefficient, but using ranks:
0.5 where
and x i (time), y i (variable of interest),x andȳ refer to the ranks. For large samples, the quantity ρ s = √ n − 1 is approximately normally distributed with a mean of 0 and variance of 1. Critical test statistic values for various significance levels can be obtained from normal probability tables. A positive value of ρ s indicates that there is an increasing trend and vice versa.
Mann-Kendall (MK) trend test
The Mann-Kendall (Mann 1945 , Kendall 1975 ) test (MK test) is a nonparametric trend test that involves the ranks for each element in the data series and is a statistical hypothesis testing procedure for the existence of trends; it does not estimate the slope of trends. The magnitude of the trends was estimated using Sen's slope (Sen 1968) ; according to Hirsch et al. (1982) , Sen's method is robust against extreme outliers. The Mann-Kendall's statistic, S is given by (Mann 1945 , Kendall, 1975 :
where
for a time series x k , k = 1, 2, . . ., n. When n ≥ 10, S becomes approximately normally distributed with mean = 0 and variance:
where t is the extent (number of x involved) of any given tie and t denotes the summation over all ties. Then Z c follows the standard normal distribution where:
The null hypothesis that there is no trend is rejected when:
where Z is the standard normal variate; and α is the level of significance for the test, which is taken as 10%, 5% and 1% in this study. The null hypothesis for the Mann-Kendall test is that the data are independent and there is no serial correlation structure among the observations. However, in many real-world situations the observed data are autocorrelated, which may result in misinterpretation of trend test results. To eliminate the influence of serial correlation on the MK test, von and Kulkarni and von Storch (1995) proposed to remove a serial correlation component such as a lag-1 autoregressive (AR(1)) process from time series prior to applying the MK test to assess the significance of trend. This treatment is called "pre-whitening". This method has been used in trend detection studies (Douglas et al. 2000 , Zhang et al. 2000 , 2001a , 2001b , Burn and Hag Elnur 2002 . However, Yue and Wang (2002) demonstrated that removal of positive autocorrelation from time series by pre-whitening removed a portion of the trend and, hence, reduced the possibility of rejecting the null hypothesis while it might be false. In contrast, removal of negative autocorrelation by pre-whitening inflated the trend and led to an increase in the possibility of rejecting the null hypothesis while it might be true. Therefore, pre-whitening was not recommended for eliminating the effect of serial correlation on the MK test when a trend existed within a time series. However, for cases where a trend actually does not exist, application of the MK test without prewhitening may wrongly detect the existence of a significant trend due to the presence of autocorrelation (Zhang and Zwiers 2004) .
To overcome this problem, Yue and Wang (2004) modified the Matalas and Langbein (1962) approach of effective or equivalent sample size (ESS) to detect a trend in serially correlated data by the MK test. They investigated the ability of ESS to eliminate the influence of serial correlation on the MK test by Monte Carlo simulation. They demonstrated that when no trend exists within time series, ESS can effectively limit the effect of serial correlation on the MK test. However, when a trend does exist within a time series, its existence will contaminate the estimate of the magnitude of sample serial correlation, and ESS computed from the contaminated serial correlation cannot properly eliminate the effect of serial correlation on the MK test. But, if ESS is computed from the sample serial correlation that is estimated from the detrended series, ESS can effectively reduce the influence of serial correlation on the MK test (Yue and Wang 2004) .
Hence, to find out the effect of autocorrelation on MK test results, the modified MK test with ESS approach, as suggested by Yue and Wang (2004) , was attempted on detrended series. The same methodology has been used by Bandyopadhyay et al. (2009) for detecting temporal trends in estimates of reference evapotranspiration over India. In this method, the variance, σ S 2 is modified as:
where n * is the effective sample size calculated as (Matalas and Langbein 1962) :
where ρ 1 is the lag-1 autocorrelation coefficient, as given by Salas et al. (1980) , computed for the sample data after removing the trend as:
where β is the Sen slope (Sen 1968) calculated as:
A positive value of β indicates an increasing trend, whereas a negative value indicates a decreasing trend. Criteria Classification
R m is the mean rainfall; i = 1 to 138 denotes the year, and SD: standard deviation.
Excess and deficit rainfall
Variation of upper and lower quartiles for 138 years (1871-2008) of monthly and seasonal monsoon rainfall records were calculated by arranging the time series into increasing/decreasing ranks. The quantification of extreme excess/deficit rainfall was done based on the number of deviation of rainfall from the standard deviation. The classification of extreme excess and deficit rainfall is shown in Table 1 . The trends in frequencies of extreme and severely extreme excess and deficit rainfall were assessed using the Spearman's Rho trend test after subdividing the 138 years into 10-year (decadal) sub-intervals.
RESULTS AND DISCUSSION

Spatial and temporal variability of mean monthly rainfall
There is a large-scale spatial and temporal variability of mean monthly rainfall in various meteorological sub-divisions of India (Fig. 3) . As far as annual rainfall is concerned, Coastal Karnataka receives the highest rainfall of 3270.9 mm followed by 2828.3 mm at Kerala. However, the lowest annual rainfall of 294.4 mm is received at West Rajasthan followed by 471.8 mm at Saurashtra, Kutch & Diu sub-division ( Table 2 ). The monthly cycle indicates that, except for Tamil Nadu & Pondicherry, all sub-divisions receive the highest rainfall during the monsoon season, which extends from June to September. It is also clear from the monthly distribution during the monsoon season that all these divisions, except for Kerala and Assam & Meghalaya, receive the highest rainfall during the month of July (Table 3) , which coincides with the sowing window for most of the agricultural crops grown. In the middle of the season, during the last week of July/first week of August, most of the rivers/reservoirs will normally have been replenished. Table 4 show that there is a wide spatial variability in the difference in upper and lower quartiles across India during the monsoon season, from 577.9 mm at Coastal Karnataka to 99.8 mm at Tamil Nadu & Pondicherry. As far as monthly distribution is concerned, the same pattern is followed during June, July and August, but during September it varies between 226 mm at Konkan & Goa and 50.1 mm at West Rajasthan. (14) shows a significant increasing trend and four sub-divisions show a significant decreasing trend. During July, 60% of the sub-divisions show a negative trend. It is also clear that the same eight sub-divisions (4, 7, 19, 20, 26, 27, 34 and 35) show negative trends during June and July. If this trend continues, the availability of water from rainfall for irrigation, domestic and industrial purposes may decrease during June and July. In 20 subdivisions there was a positive trend during August, which may explain some changes in the distribution pattern of rainfall during the whole monsoon season. However, during September, 19 sub-divisions show a decreasing trend, while the decreasing rainfall trend in Vidarbha (26) is statistically significant. In contrast, significant increasing rainfall trend was detected for Gangetic West Bengal (6). For most of central India, a decreasing trend was detected, while, apart from Coastal Karnataka (32), all the western and peninsular sub-divisions of India showed an increasing rainfall trend during September. For the whole of India, a significant increasing trend in rainfall during August has been noticed; however, there is a decreasing trend in all other monsoon months, as well as for the total rainfall during the overall monsoon period.
Comparison of Mann-Kendall and Spearman's Rho test
Magnitude of trends-Sen's slope
The signs of the Sen's slope also match the MK and SR test results (Table 6 ). The highest magnitude of 1.69 mm/year was calculated for Konkan & Goa (23) during the monsoon season, followed by 1.64 mm/year for Coastal Karnataka (32), both falling under the "heavy rainfall" subdivisions. Slopes for decreasing trend of rainfall of −1.35 mm/year were calculated for Chattisgarh (27), followed by −1.12 mm/year for Kerala (35). The scattering of magnitude of Sen's slope indicates that there is no spatial influence on magnitude of rainfall trends during the monsoon season. Even though North Interior Karnataka (33) shows an increasing trend of rainfall during the monsoon season, the Sen's slope shows zero magnitude. From Table 6 , it can be seen that rainfall has a decreasing trend in 18 of 30 meteorological sub-divisions considered in this study during the monsoon season, demonstrating that the country as a whole is increasingly facing a shortage of rainwater during the monsoon season-the primary source of water availability for all purposes. The majority of the meteorological sub-divisions are most vulnerable to summer droughts during the monsoon season. The potential meteorological reasons for decreasing trend of monsoon rainfall over the majority of the meteorological sub-divisions may be the weakening of the monsoon circulation (Stephenson et al. 2001) . Singh (2001) investigated the long-term trends in the frequency of cyclone disturbances (depressions and cyclonic storms) over the Bay of Bengal and the Arabian Sea and found significant decreasing trends. Thus, there seems to be no support for intensification of the monsoon, or for the increased hydrological cycle, either as hypothesized by "greenhouse gas" warming scenarios in model simulations, or from the long historical observed data series. It is also found that the decrease in summer monsoon rainfall may be associated with a weakening of the Southern Oscillation, and relaxation of the meridional temperature gradient over the Indian Ocean (Naidu et al. 2009 ). However, as far as monthly distribution is concerned, it shows a fluctuating nature. The majority of Indian sub-divisions show an increasing trend in rainfall in June and August and a decreasing trend in July and September. Since July is the "sowing window" for the majority of crops, the decreasing rainfall trend in the majority of meteorological sub-divisions during July highlights the importance of adopting an alternative strategy to mitigate the occurrence of early drought. Interestingly, in all the monsoon months, the Nagaland, Manipur, Mizoram & Tripura sub-division (4) and Chattisgarh (27) show decreasing Sen's slope, while Punjab sub-division (14) shows increasing Sen's slope. For the whole of India, a significant decreasing trend of 0.13 mm/year has been observed for July.
Variability and frequency of excess and deficit rainfall
Out of the 30 meteorological sub-divisions studied, 21 experienced a greater number of excess (R + 1SD) rainfall years compared to deficit (R -1SD) years during the monsoon season (Fig. 6 ). There is wide spatial variability in the occurrence of total number of deficit/excess rainfall years in the various meteorological sub-divisions of India as far as individual monsoon months are concerned, as well as in the monsoon season (Fig. 6 ). On average, 61% of the years fall in the category of excess/deficit rainfall years during the monsoon season, varying between 53% in East Uttar Pradesh (10) (4, 10, 19, 22, 23, 29, 33, 34 and 35) recorded more than 60% of years in the category of excess/deficit rainfall years. This illustrates high uncertainty in rainfall water availability during July in 70% of the sub-divisions. However, in August, the percentage of excess/deficit rainfall totals varies from 73% at Vidarbha (26) to 54% at Saurashtra, Kutch & Diu (22) . Moreover, for 73% of the sub-divisions there is a higher frequency (more than 60%) of excess/deficit rainfall during August. Only a small number of sub-divisions (5, 6 and 32) recorded less than 60% frequency of excess/deficit rainfall totals. For the whole of India, a greater number of excess/deficit rainfall totals occurred during June and September, which may be 
Variability and frequency of extreme excess and deficit rainfall
The frequency of extreme excess/deficit rainfall years (R ± 2SD) also shows large variations during the monsoon season. As may be seen from Fig. 6 , the frequency of extreme excess rainfall years is greater than that of extreme deficit years during the monsoon in only eight sub-divisions. Figure 6 indicates that 73% of the sub-divisions frequently experienced extreme rainfall deficit during the monsoon season. Table 7 displays the percentage of years with extreme rainfall excess/deficit during the monsoon months and the monsoon season. On average, during the monsoon season, the probabilities of extreme excess and extreme deficit rainfall totals are 7.2 and 5.6%, respectively. However, this varies with the sub-divisions and the frequency of occurrence of extreme excess rainfall totals varies from 3.6% in Madhya Maharashtra (24) to 10.9% in Coastal Andhra Pradesh (28), while that of extreme deficit rainfall totals varies from 1.4% in Punjab (14) to 9.4% in Gujarat (21).
There is large-scale variability in monthly patterns during the monsoon season. During June, nine sub-divisions experienced no extreme deficit. However, all the sub-divisions experienced extreme excess during the study period, varying from 4.3% of the years in Rayalaseema (30) to 12.3% in Saurashtra, Kutch & Diu (22) . Tamil Nadu & Pondicherry subdivision (31) experienced no extreme deficit rainfall during July; moreover, the monsoon season is not the primary rainy season over this sub-division. All sub-divisions, except for 22, 30, 31 and 34, experienced extreme excess/deficit during July in more Interestingly, in the study period, three sub-divisions experienced no extreme deficit rainfall during August and seven -during September. For the whole of India, the maximum number of extreme deficit rainfall totals occurred during July, which coincides with the sowing window of the region and is therefore most critical with respect to agricultural operations.
Decadal trends in frequency and spatial variability of excess/deficit rainfall and extreme excess/deficit rainfall
Looking at decadal trends in the frequency of occurrence of excess rainfall totals, there is an increasing trend over western sub-divisions during the monsoon season (Fig. 7) . However, 12 subdivisions show decreasing trends. All the peninsular sub-divisions, except for Kerala (35), fall under this category. However, in terms of occurrence of extreme excess rainfall, eastern coastal sub-divisions show an increasing trend and 17 sub-divisions show a decreasing trend. In contrast, the frequency of occurrence of extreme deficit rainfall totals show an increasing trend over eastern and peninsular sub-divisions, except for Kerala (35) and Gangetic West Bengal (6). All the divisions over the north and west, except for Punjab (14), show an increasing trend. Almost all the sub-divisions, except for Kerala, Coastal Karnataka (32) and Konkan & Goa (23) , show an increasing trend in the occurrence of extreme deficit rainfall totals. These are arid sub-divisions receiving less than 800 mm rainfall during the monsoon season, which indicates that these areas are vulnerable to drought during the monsoon season. For the whole of India, the numbers of excess rainfall totals show decreasing trends, while those of extreme deficit rainfall totals show increasing trend (Table 8) . Hence, practices such as adequate irrigation facilities, introduction of drought-tolerant varieties, adoption of moisture conserving management practices during critical watersensitive phases for important crops, increase of bund height in plots to retain rainfall within the field and increase the groundwater etc., should be encouraged to minimize the production loss. During June, decadal trends in frequency of occurrence of excess rainfall totals show a decrease across the country, except over eastern coastal subdivisions and Jharkhand (Fig. 8) . However, in the case of frequency of deficit rainfall totals, there is an increasing trend over eastern, central and peninsular sub-divisions. The central and western subdivisions show decreasing trends in the frequency of extreme excess rainfall totals, while the eastern sub-divisions show decreasing trends in extreme deficit rainfall totals. For July rainfall, one-third of the sub-divisions show an increasing trend in occurrence of deficit rainfall and only coastal subdivisions show a decreasing trend. Central and eastern sub-divisions show greater vulnerability to occurrence of extreme rainfall deficit years. Interestingly, during August, 17 sub-divisions show increasing trend in excess rainfall totals, while 15 subdivisions show increasing trend in extreme excess rainfall totals. Similarly, frequency of deficit and extreme deficit rainfall totals show a decreasing trend in 21 and 18 sub-divisions, respectively. If this trend continues, the crops in this part of India will experience excess rainfall during August; therefore, drainage facilities should be constructed to remove the excess water. During September, east coast and peninsular sub-divisions show increasing trends in the frequency of occurrence of excess rainfall totals while peninsular sub-divisions show increasing trends in the frequency of occurrence of extreme excess rainfall totals.
CONCLUSIONS
This paper investigated and compared the observational trends in monsoonal rainfall, using the Spearman's Rho and Mann-Kendall trend tests, and also the changes in frequency and magnitude of extreme rainfall deficit and excess during monsoon months from 1871 to 2008 over 30 meteorological sub-divisions of India, which cover around 90% of the land mass of India. This study reports on the temporal variability of rainfall in the monsoon months, as well as monsoon season rainfall, and spatial variability over different meteorological sub-divisions, and also presents the changes in rainfall water availability over the study period under the influence of climate change. The trend results of both the MK and SR tests were similar for all the 30 meteorological sub-divisions in all the monsoon months and the monsoon season. The magnitude of trend using Sens's slope indicated a maximum increasing trend of 1.69 mm/year for Konkan & Goa sub-division during the monsoon season, and a maximum decreasing trend of −1.35 mm/year for Chattisgarh. The monthly distribution during the monsoon season shows that almost all the divisions receive the highest rainfall during the month of July, which is the important sowing window for most of the agricultural crops. Even though only four sub-divisions show statistically significant trends, 11 sub-divisions during the monsoon season have shown positive trends. This provides an insight into the future water availability over the different meteorological sub-divisions of India under a climate change scenario. On average for all the sub-divisions around 61% of the years fall under the category of excess/deficit rainfall years during the monsoon season, while for particular sub-divisions, the frequency ranges from 53% to 67%. This information may highlight the largescale year-to-year variability of monsoon rainfall over the region. The decadal trends in frequency of occurrence of excess rainfall totals show an increase over western sub-divisions during the monsoon season. However, 12 sub-divisions show a decreasing trend in the frequency of occurrence of deficit rainfall totals. Since the occurrence of extreme excess and deficit rainfall shows a highly varying nature over different sub-divisions, different practices should be encouraged to minimize the production loss. These include, in the case of excess: adequate irrigation facilities, introduction of drought-tolerant varieties, adoption of moisture-conserving management practices during critical water sensitive phases important to crops, increase of bund height in plots to retain rainfall within the field, and increase of the groundwater table.
